Human papillomaviruses (HPVs) form a heterogeneous group whose genome is an 8-kb double-stranded circle of DNA. They are the most diverse group of DNA viruses involved in human disease. More than 100 putative HPV types have been described to date, including 85 that have been cloned and officially designated and others that have been identified from the sequences of PCR products. More than 40 types of HPV are sexually transmitted; these are called genital HPVs. The genital HPVs can be grouped on the basis of their clinical associations and in vitro transforming capabilities into high-risk types (e.g., HPV types 16 and 18), intermediate-risk types (e.g., HPV types 31 and 33), and low-risk types (e.g., HPV types 6 and 11) (8, 16, 20) . HPV is considered the major etiological agent of cervical cancer and its precursor lesions throughout the world (3) . The majority of invasive cervical cancers and high-grade lesions are associated with high-risk and intermediate-risk HPV infections, while most low-grade dysplastic lesions and benign condylomata acuminata are associated with low-risk HPV types (3, 8, 16, 20, 22, 34) .
Nucleic acid sequencing has revealed the existence of many natural sequence variations among HPV types. HPV genomes that vary from that of the prototype by Յ2% are defined as "variants," whereas those that diverge by Ն10% from the genome of any described HPV type qualify as independent types. Isolates whose genomes differ from that of an established type by 2 to 10% are considered subtypes (30) . A number of HPV variants for high-risk, intermediate-risk, and low-risk types have been described to date (11) . More than 40 naturally occurring variants have been classified (10, 11, 13) ; their biological and biochemical properties differ in vitro (26) , and their oncogenicities also differ (13, 19, 36) . Several studies have indicated that viral persistence and the development of highgrade lesions and invasive carcinomas are closely associated with the presence of specific HPV variants (1, 2, 4-7, 10, 15, 18, 21, 31, 40) .
Given the different oncogenic potentials of the various HPV types and variants, HPV genotyping is becoming increasingly important as a diagnostic aid and prognostic tool. Recently, HPV detection has been proposed as an alternative to cytological screening for cervical cancer (24, 32, 33) .
Two main approaches are used for HPV detection and typing: (i) general primer PCR (GP-PCR) (also referred to as degenerate or consensus primer PCR), which amplifies a conserved region in the virus followed by HPV type-specific identification, and (ii) the hybrid capture assay, which detects and types HPV by direct hybridization with type-specific RNA probes (25) . A variety of general primers are available for the detection of HPV through GP-PCR (9, 23, 28, 37, 38) . These primer sets are designed to match the short regions of homology among the HPV genotypes. For example, GP5ϩ-GP6Ϫ (28), MY11-MY09 (23) , and L1C1-L1C2 (37) from the L1 region and pU-1M-pU-2R (38) from the E6/E7 region can detect a broad spectrum of known and unknown HPV DNAs.
Because of similarities between the GP-PCR products, however, it remains difficult to accurately differentiate among the genital HPV types. A variety of techniques, including DNA hybridization with type-specific probes (12, 28) , type-specific PCR (27) , multiplex PCR with type-specific antisense primers (14) , single-strand conformation polymorphism analysis (39) , restriction fragment length polymorphism analysis (9, 37), enzyme-linked immunosorbent assay (17) , and direct sequence analysis (29) , have been used in combination with GP-PCR to facilitate HPV typing. Each detection method has advantages and disadvantages, but most are unable to discriminate among multiple HPV types and variants.
Denaturing high-performance liquid chromatography (dHPLC) separates PCR products by size and sequence. It detects the sequence divergence of DNA fragments, including single base substitutions and short deletions and insertions. This technology is sufficiently sensitive for the reliable detection of nearly 100% of DNA sequence variations at optimized partially denaturing temperatures (35) . We therefore developed a novel method for the detection and typing of genital HPV that uses a combination of GP-PCR and dHPLC (referred as general primer-dHPLC [GP-dHPLC]). The method allows us to discriminate among common genital HPV types, to detect multiple HPV infections, and to identify HPV variants from clinical samples. Moreover, samples can be processed in a 96-well format and continuously loaded on the column for analysis.
MATERIALS AND METHODS
HPV controls. We used HPV controls to evaluate the sensitivities of the GP-PCR primers and to establish the gradient conditions for dHPLC to establish the optimal conditions and standard pattern for HPV typing. Subclones of HPV genomes were kindly provided by Lou Laimins at Northwestern University (HPV types 6, 11, 16, 18, 31, 33, 35 Cervical cancer tissue samples. Cervical cancer tissue samples were obtained from pathological specimens from patients with invasive cervical carcinomas. Thirty-six samples were snap-frozen in liquid nitrogen, 169 were embedded in Optimal Cutting Temperature compound (Sakura Finetek Inc., Torrance, Calif.) and frozen in isobutane, and 41 were in formalin-fixed, paraffin-embedded tissue blocks. All cervical tissue specimens were reviewed by a gynecologic pathologist (P.C.H. or D.L.) to confirm the diagnosis of invasive cervical cancer. Four to eight 10-m sections from each tumor were placed in a sterile microcentrifuge tube. The microtome blade was changed for the preparation of each tumor. HPV-negative control tissue from normal human spleen and ovary tissues were used to verify that no cross-contamination occurred between samples. DNA was extracted by the standard sodium dodecyl sulfate-proteinase K procedure, purified with phenol-chloroform, resuspended in TE (Tris-EDTA) buffer (pH 8.0), and then quantitated. The study was approved by the Washington University Human Studies Committee.
PCRs. Several general primer sets were tested ( Table 1 ). The PCR mixture contained 50 mM KCl, 10 mM Tris-Cl (pH 8. dHPLC uses the principles of reverse-phase ion-paired chromatography to separate PCR products. The chromatographic column (DNASep column) in the Wave system is packed with C 18 alkylated polystyrene-divinylbenzene polymeric beads. A positively charged ion-pairing reagent (TEAA) allows the negatively charged DNA to interact with the hydrophobic DNASep column matrix. An increasing proportion of organic mobile phase (acetonitrile) is used to elute the DNA fragments from the matrix in a size-dependent manner (for nondenaturing conditions) and a sequence-dependent manner (for partially and fully denaturing conditions), and the fragments are detected by UV analysis. For our analysis, we set the temperature high enough to partially denature DNA duplexes. GP-PCR products with sequence divergence have different retention times on the column. Identical HPV types elute as a single peak, whereas different HPV types or variants elute in double peaks or in a single peak containing a shoulder or having a retention time different from that of the control sample. We optimized the temperature, gradient conditions, and flow rates on the Wave system to differentiate among the most common high-and intermediaterisk genital HPV types. HPV genotypes were determined by mixing each sample with an HPV control and comparing the results with those for standard HPV controls. PCR products whose peaks differed from those of the HPV controls were sequenced. Multiple peaks were isolated for sequencing by using the Fragment Collector of the Wave system. The samples were also automatically quantitated by the Wave system according to peak area.
Sequencing. A 5-l aliquot from the PCR mixture was treated by use of the ExoSAP-IT kit (U.S. Biochemical Corporation, Cleveland, Ohio), according to the instructions of the manufacturer, and was then used as the sequencing template without further purification. Direct sequencing was performed with the BigDye Terminator sequencing kit (version 3.0; Applied Biosystems). Sequencing reaction products were run on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems). The DNA sequences were compared by using DNAStar software (DNAStar, Inc., Madison, Wis.).
RESULTS
Selection of general primer set for GP-PCR. Several general primer sets are available for the detection of HPV in clinical specimens. They are designed to match the short regions of conserved homology among the HPV genotypes. The primer sets evaluated in this study are presented in Table 1 . We also designed and tested two additional sets: L1S-L and L1S-R from the L1 region and E6-L and E6-R from the E6 region (Table 1) . We compared mismatches between the general primer sets and genital HPV DNA templates. The results of the comparisons are displayed in Table 2 .
The L1C1-L1C2M, L1S-L-L1S-R, pU-1M-pU-2R, and E6-L-E6-R primer sets were further tested for their abilities to amplify HPV by using plasmids with HPV type 16, 18, 31, 33, 6, and 11 DNA. All the primer sets worked well with all of these major HPV types. The smallest amount of each virus that was detectable depended on the number of mismatches between the primer and the template. HPV types with fewer mismatches were easier to amplify. Primer sets containing a mismatch of Ͼ5 nucleotides did not consistently amplify HPV DNA (data not shown). We chose the L1C1-L1C2M primer set for use with clinical samples because its sequence had few mismatches when it was used with high-and intermediate-risk HPV types (Table 2) . Also, the size of the product permitted good amplification from samples embedded in paraffin and separation by dHPLC.
Establishment of a set of HPV standard control patterns. The resolution of DNA fragments by dHPLC depends on several factors, including the denaturing temperature, the gradient concentrations of buffer A and buffer B, flow rate, slope, and run time. All these factor need to be optimized to distinguish among the GP-PCR products of the common genital HPV types.
To determine the temperature at which the different HPV PCR products could be distinguished, we performed a temperature titration of the GP-PCR products from the most commonly encountered HPV types, types 16, 18, 31, and 33, using a temperature range of 50 to 64°C. Samples containing indi- (Fig. 1A) , whereas samples containing two HPV types displayed two clearly separated peaks only between 56 and 58°C (Fig. 1B) . We therefore selected the temperature range 56 to 58°C for further testing. The temperature titration revealed that each HPV type had a specific retention time at a given temperature (data not shown). Therefore, we mixed the most common genital HPV types together in order to establish an HPV standard control pattern for future HPV typing. After optimizing the denaturing temperature, gradient concentration, flow rate, slope, and run time, we established a set of standard control patterns for HPV typing on the Wave system. The set included the general standard pattern and standard patterns for groups I to IV. The conditions used to obtain these standard control patterns are listed in Tables 3 and 4 .
The general standard pattern included six of the most common high-risk and intermediate-risk HPV types (HPV types 16, 31, 33, 51, 52, and 18). The HPV types are displayed from left to right in the chromatograph in Fig. 2 . This general standard pattern was used as the preliminary typing step. It was not precise enough to distinguish among all the common genital HPV types.
The final identification of HPV types was achieved by mixing each sample with an HPV control, running the mixture under one of the four subgroup conditions, and then sequencing the products with novel peaks, i.e., variants and novel types (Fig.  3) . Each subgroup contains one to four HPV types, and the 13 HPV types in Fig. 3 comprise over 95% of the viruses to be identified. The subgroups were determined by comparing the retention times of the most common viral types through the column. The precise compositions of buffers A and B are key factors affecting the retention times and resolutions of the peaks. Thus, HPV peaks shifted slightly between batches of buffer, creating the possibility of assigning a sample to the wrong control. To catch such errors, we ran HPV standard controls after about every 10 to 15 samples were run.
Use of GP-dHLPC to detect and type clinical specimens. Detection and typing of HPV in clinical specimens were performed in three steps. First, HPV was detected by GP-PCR with the L1C1-L1C2M general primer set. The presence and size of the PCR products were ascertained by agarose gel electrophoresis. Second, each GP-PCR product was analyzed with the Wave system. The general standard pattern condition was used to compare the retention time of the DNA sample to that of the control HPV and to assign each sample to one of four groups (Fig. 4A) . Finally, each GP-PCR product (or a single DNA peak collected from the column) was mixed with an equal amount of the control that displayed a similar retention time or with the most prevalent HPV type encountered within its group. The mixtures were analyzed on the Wave system by using a group-specific standard pattern condition ( Fig. 4B and C) . Thus, samples assigned to group I were mixed with HPV type 16, samples assigned to group II were mixed with HPV type 31 or 33 (depending on the sample's position during the first run), samples assigned to group III were mixed with HPV type 51, and samples assigned to group IV were mixed with HPV type 18, 52, or 45. If the mixture produced a single peak with the same retention time as that for the known HPV control, the HPV genotype of the sample was confirmed. If the mixture revealed a shoulder or double peak (Fig. 4C , samples 271, 391, and 419), it was assumed that a different HPV type or variant was present. In this case, the DNA product was sequenced from both ends to determine the genotype.
We analyzed 186 cervical tissue samples for the presence and type of HPV. More than 95% of the samples were infected with the virus. The validity of HPV genotyping was obtained by direct sequencing of 12 PCR products from several HPV types. In addition, all samples that displayed a peak different from that displayed by the HPV control were sequenced, and in all cases a different type or variant was identified. We discovered 25 HPV variants in all: 12 HPV type 16 variants; 8 HPV type 18 variants; 2 HPV type 59 variants; and 1 variant each of HPV types 45, 52, and 39 (Table 5) . Every variant was confirmed by bidirectional sequencing. The sequences of the HPV variants differed from the HPV prototype recognized in GenBank by 1 to 5 bp. Because of the degeneracy of the genetic code, not all of the HPV variants had altered amino acid sequences.
Multiple HPV infections were detected in 26.6% of the (Fig. 4A, sample 408) . The HPV types in the majority of samples infected with multiple HPV types could be determined by mixing the PCR product with multiple HPV controls, particularly if two different groups were used in the second run ( Fig. 4A and B) . When a new peak was noted for a sample containing more than one HPV variant or type, we used the Wave system's Fragment Collector to isolate the peaks before sequencing the fragments.
FIG. 3.
Standard patterns for groups I to IV. After the unknown sample is mixed with the control with which it is most likely to match, the mixed sample is run under one of four conditions: panel 1, the group I standard pattern is for HPV type 16 only; panel 2, the group II standard pattern includes HPV types 31, 33, 11, and 58; panel 3, the group III standard pattern includes HPV types 59, 56, 51, and 6; panel 4, the group IV standard pattern includes HPV types 18, 52, 39, and 45. The gradient condition for each standard pattern is presented in Tables 3 and 4 .
DISCUSSION
We have developed a novel method for genotyping genital HPV that uses GP-PCR followed by dHPLC on the Wave system. The Wave system is a commercially available automated technology for detecting variations in DNA sequences. The PCR products can be processed in a 96-well format and continuously loaded on the column for analysis without any initial purification. This technique allows reliable discrimina- The second run mixes the unknown samples with HPVs from group IV. Because each sample in the mixture produces a sharp peak, it is easy to deduce that the sequence of sample 408 is identical to that of HPV type 18, that the sequence of sample 162 matches that of HPV type 52, and that the sequence of sample 246 matches that of HPV type 45. (C) A second run that mixes unknown samples with HPV type 16 by using group I conditions. The peaks produced by samples 271, 391, and 419 contain a shoulder; sequencing of the PCR product revealed an HPV type 16 variant. (4, 6, 7, 18, 19, 21, 36) , E7 (5, 6, 21) , LCR (13) , and E2 (10) regions. Previous studies have documented a close association between these HPV variants and progression to invasive cervical cancer (11) . At present, such variants are identified by PCR with direct sequencing of the PCR products, but this may be difficult without a subcloning step if samples are infected with multiple HPV types. GP-dHPLC is a powerful tool for identifying HPV variants, especially those found in samples with multiple HPV types. In the present study, a number of HPV variants with sequence variations within the L1 gene were identified. We are unaware of any relationship between these variants and the recognized variants with variations in the E6, E7, LCR, and E2 regions. PCR with consensus or HPV-specific primers with dHPLC has the ability to detect any sequence variations within any HPV region. We have designed several primer sets that can reliably distinguish a sequence divergence of only 1 bp within the E6 and E7 genes of HPV type 16 (data not shown).
There are some limitations in the detection and genotyping of genital HPV by GP-dHPLC. First, as is common with all GP-PCRs, the L1C1-L1C2M primers cannot consistently amplify all genital HPV types, especially those with more than five mismatches, such as HPV type 35 . For samples that test negative for HPV with the L1C1-L1C2M primer set, use of a second general primer set, such as pU-1M-pU-2R, would improve the sensitivity. Second, we have developed conditions for detecting only about 20 of the more than 40 genital HPV types reported (although these 20 types account for over 95% of the most frequently occurring types), although the specific retention times of additional HPV-positive controls could be determined. Third, the retention times of the eluted peaks change slightly with each new batch of buffer as well as during long sample runs; they also vary according to which model of the Wave system is used. Therefore, in addition to optimizing gradient conditions, it is critical to run HPV-positive controls periodically between runs with unknown samples. We have demonstrated that HPV detection and typing by GP-PCR in combination with analysis by dHPLC are both reliable and accurate, validating the results obtained by direct sequencing of the GP-PCR products. As clinical indications for the detection and typing of HPV expand, GP-dHPLC offers a new and accurate methodology for HPV analysis.
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